Major changes in global rainfall patterns accompanied a northward shift of Earth's thermal equator at the onset of an abrupt climate change 14.6 kya. This northward pull of Earth's wind and rain belts stemmed from disintegration of North Atlantic winter sea ice cover, which steepened the interhemispheric meridional temperature gradient. A southward migration of Earth's thermal equator may have accompanied the more recent Medieval Warm to Little Ice Age climate transition in the Northern Hemisphere. As fossil fuel CO 2 warms the planet, the continents of the Northern Hemisphere are expected to warm faster than the Southern Hemisphere oceans. Therefore, we predict that a northward shift of Earth's thermal equator, initiated by an increased interhemispheric temperature contrast, may well produce hydrologic changes similar to those that occurred during past Northern Hemisphere warm periods. If so, the American West, the Middle East, and southern Amazonia will become drier, and monsoonal Asia, Venezuela, and equatorial Africa will become wetter. Additional paleoclimate data should be acquired and model simulations should be conducted to evaluate the reliability of this analog.
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As Earth warms in response to the continuing buildup of fossil fuel CO 2 , there will be a northward shift in the location of its thermal equator (1) . This shift will be the consequence of a difference in the extent of warming in each hemisphere. Model simulations suggest that the Northern Hemisphere, because of its continents, will heat up twice as fast as the Southern Hemisphere, because of its oceans (2) (3) (4) . For example, with differential heating of the polar hemispheres, if the extent of global warming was to reach 3.6°C, then that in the north would be 4.8°C and that in the south 2.4°C. Attendant differential reduction of sea ice coverage in the Arctic and Antarctic (5) could amplify this process (6) .
The paleo-hydrologic record bears witness to past shifts in the position of the thermal equator that led to significant geographic alterations in hydrology. These shifts were driven by a seesawing of sea ice cover between the polar hemispheres (7). When the ice cover expanded in the northern Atlantic, it shrunk in the Southern Ocean and vice versa. Evidence for these shifts comes from the abrupt changes that punctuated the last deglaciation (Fig. 1) . The largest and best documented of these occurred 14.6 kya at the end of the Mystery Interval. This transition marks the abrupt onset of the Bølling/Allerød warm episode in the Northern Hemisphere and the onset of the Antarctic Cold Reversal in the Southern
Hemisphere. The cause of this abrupt change is thought to have been a rejuvenation of deep water formation in the northern Atlantic (8) . The consequence of this rejuvenation was to eliminate the extensive winter sea ice cover in the northern Atlantic (7) and to increase it in the Southern Ocean. Documentation of the latter comes from the cessation of the deposition of opal-rich sediment in the Southern Ocean (9) and the pause in the buildup of atmospheric CO 2 (10, 11) . The steepened interhemispheric thermal gradient imposed by these shifts in sea ice extent caused the thermal equator to move northward (12) . This northward shift of Earth's thermal equator created major hydrologic changes across the globe (Figs. 1 and 2 ). The most convincing evidence comes from the regions surrounding the Amazon rain forest (Fig. 3) . In the now very dry southern portion of Bolivia's Altiplano, Lake Tauca, which during the latter part of the Mystery Interval had a size three times that of present-day Lake Titicaca, underwent a desiccation (13, 14) . In now-dry eastern Brazil, rivers that just before 14.6 kya delivered large amounts of sediment to the continental margin had shrunk to a trickle (15) . In the same region, a millennial-duration pulse of stalagmite growth in a now-dry cave came to a halt 14.6 kya (16) . By contrast, at the same time, the discharge of river-borne debris into the Caribbean's Cariaco Basin increased (Fig. 1) , and Central America became considerably wetter (17) , both attesting to the northward shift of the Amazonian rain belt (18) .
A second piece of evidence is the rejuvenation 14.6 kya of Africa's Lake Victoria, which was totally dry during the latter part of the Mystery Interval (19) . Documentation for this rejuvenation comes from radiocarbon dating of lake sediments that rest on a grass-covered soil. A seismic survey demonstrated that reflections from this soil extend to the deepest part of the lake. A switch from dry to wet conditions across much of Africa at the Mystery Interval-Bølling/Allerød transition has also been documented from a number of other hydrologic indicators, such as the signature of leaf-wax deuterium from the sediments of Lake Tanganyika (20) and decreased dust input into the Atlantic Ocean off of northwest Africa (21) .
A third piece of evidence is a pronounced increase in the 18 O to 16 O ratio in Chinese stalagmites thought to represent an increase in the strength of the Indian monsoon (22, 23) . This record is reinforced by the signature of δ 18 O in O 2 trapped in polar ice, which indicates enhanced monsoon activity throughout the Northern Hemisphere (24) .
Although stalagmite and ice core 18 O and sediment CaCO 3 serve only as qualitative hydrologic recorders, the size of closed-basin lakes is a direct measure of drainage basin runoff (25) . In this regard, closed basin lakes in the western United States achieved their largest recorded sizes during the Mystery Interval (26) . Then with the onset of the Bølling/Allerød, they underwent a major desiccation (27) . Although it is not clear how desiccation of the American West is linked to the northward shift of the thermal equator, a likely candidate is a northward jump of the moisture-bearing winter storm tracks associated with the Northern Hemisphere's westerly wind belt (1, 7, 9, (26) (27) (28) . By this mechanism, a northward migration of the intertropical convergence zone could have stimulated a weakening of the Northern Hemisphere winter Hadley cell and an attendant northward shift of the midlatitude boreal jet (29) . Lake Lisan in IsraelJordan also appears to have experienced a desiccation at the onset of the Bølling/ Allerød (30) .
In addition to the evidence that northsouth shifts of the thermal equator occurred during the course of the last deglaciation, there are hints that smaller-scale shifts may have accompanied the Medieval Warm (800-1200 AD)-Little Ice Age (1300 AD to 1850 AD)-Industrial Warm (1850 AD to present) climate oscillation (Figs. 4 and 5). Although tree line, snowline, sea ice, and ice core records make clear that the northern cap of our planet underwent a warm-cold-warm cycle of amplitude of about 1°C, indications from the Southern Hemisphere are murky. However, recent glacier reconstructions from the New Zealand Southern Alps (31, 32) hint that southern glacier snowlines may have been out of step with those in the north. For example, Southern Alps snowlines registered colder than present conditions during Medieval times and gradual warming during the northern Little Ice Age (31, 32) . If this is correct, then interhemispheric asynchrony in glacier extent is consistent with Earth's thermal equator having maintained a northern position during Medieval time and a southern position during Little Ice Age time. Whether Late Holocene conditions in New Zealand were representative of the entire southern middle latitudes awaits resolution.
There is evidence for a hydrologic response to the Medieval Warm-Little Ice Age-Industrial Warm oscillation of Earth's thermal equator. For example, in accordance with the summary by Seager and colleagues (33) , Medieval hydroclimate was characterized by dry conditions in the western United States (34, 35) , wet conditions at the northern edge of the tropics (36, 37) , and drought at the southern edge of the South America tropics (38) . This spatial pattern of hydroclimate has been attributed to "La Niña-like" conditions in the tropical Pacific during Medieval times (33, 39, 40) and may have also involved an attendant northward displacement of the boreal jet streams (33, 35, 41, 42) . The transition from Medieval Warm to Little Ice Age conditions may have involved a southward shift of the thermal equator, with corresponding hydroclimatic changes. On the basis of lake sediment lithologies and hydrogen isotope compositions, Sachs and colleagues (43) made a case that small islands in the equatorial Pacific experienced shifts from wet conditions when the rain belt lay overhead to dry conditions when it shifted to the north or the south of the island. Their conclusion was that the narrow rain belt lay 500 km south of its present location during the Little Ice Age. Further evidence for a southward excursion of the tropical rain belt during the Little Ice Age comes from the tropical Andes of South America and monsoonal Asia (Fig. 4) . Little Ice Age cooling in the North Atlantic region coincided with drying in Venezuela (36) and an increase in monsoon rainfall in Peru (38) . At the same time, weakening of monsoon rainfall led to drought and societal instability in Southeast Asia (37, (44) (45) (46) . Altogether, hydrologic data straddling the tropics suggest that a southward shift of Earth's thermal equator accompanied northern Atlantic cooling and sea ice expansion during the transition into the Little Ice Age (Fig. 5) .
There is evidence that changes in thermohaline circulation accompanied this cycle. Reconstruction of the slope of isopycnal horizons across the Florida Straits suggest an ∼20% weakening of the Atlantic's meridional overturning (i.e., conveyor) circulation during the time of the Little Ice Age (47). In addition, Keigwin (48) has shown that the thin tongue of bottom water of Antarctic origin that currently extends to 35°N in the western Atlantic was absent during the Little Ice Age but present during the Medieval Warm. This evidence for a reduction in North Atlantic overturning during the Little Ice Age is consistent with the record of persistent sea ice cover around Iceland (48) . The number of months in each year that Icelandic fishermen were able to get through the ice was much smaller than present during the Little Ice Age. Although the evidence in hand is insufficient to allow the exact nature of the change to be articulated, there is a suggestion that in addition to a Little Ice Age slowdown of the conveyor, there was a change in the density contrast between deep waters formed in the Southern Ocean and those formed in the northern Atlantic, with an attendant expansion of North Atlantic sea ice.
For a detailed discussion of the effect of interhemispheric temperature differences on global atmospheric circulation, the reader is referred to the excellent review by Chiang and Friedman (12) . If indeed hydrologic shifts to be induced by the differential hemispheric warming generated by fossil fuel CO 2 turn out to be similar to those that occurred at the onset of the Bølling/Allerød (Figs. 1 and 5) and opposite to those registered during the Medieval Warm to Little Ice Age transition (Figs. 4 and 5) , then we should expect the following impacts: (i) a northward shift in the location of Amazonia, which would lead to decreased rainfall for the Altiplano and eastern Brazil and increased rainfall in Venezuela; (ii) a strengthening of monsoon rainfall in South Asia; (iii) drying of the American West; (iv) increased East African rainfall and discharge of the Nile River; and (v) a decrease in Middle East rainfall.
As the planet has warmed during the industrial age, the Northern Hemisphere continents have warmed faster than the Southern Hemisphere oceans, and sea ice has diminished faster in the Arctic than in the Southern Ocean (2, 5). The thermal inertia of the Southern Ocean has played a large role in the evolution of the differential thermal gradient (49) . Accordingly, there are tentative indicators that a northward shift of Earth's thermal equator could already be underway (3, 4) . For example, drought in the American West (34) and in southern Amazonia (50) is consistent with a northward migration of Earth's thermal equator. However, we admit that our prediction is subject to a number of challenges. Among these are the following: (i) forcing of the hydrological Fig. 2 . The northward shift of the thermal equator 14.6 kya led to a major reorganization of global rainfall. Some areas profited, whereas others lost. Monsoonal Asia, Venezuela, and equatorial Africa were among the winners, and Brazil, Bolivia, Israel-Jordan, and the American West were among the losers. Will differential heating of the hemispheres during the global warming transient produce similar changes?
cycle during deglaciation was dominated by thermal contrasts associated with an interhemispheric seesawing of polar sea ice cover rather than differential interhemispheric warming caused by atmospheric CO 2 rise; (ii) during the millennial-duration Mystery Interval and Bølling/Allerød, the ocean had adequate time to reach a steady state (this will not be the case during the century-long CO 2 transient); (iii) unlike the present day, large ice sheets still covered much of northern North America and Scandinavia during deglacial time, and the background climate state was colder during Bølling/Allerød time than today (therefore, consequent shifts of the thermal equator during deglaciation were likely to have been of a larger magnitude than those that might occur with future warming; this is, in part, our reason for also examining the Medieval Warm-Little Ice Age transition, which took place under similar boundary conditions as industrial-age warming); (iv) the CO 2 transient will not create a change in ocean thermohaline circulation comparable to that which occurred at the onset of the Bølling/Allerød interstadial [it has been suggested instead that CO 2 -induced warming might weaken North Atlantic overturning; however, any cooling that may result from weakened North Atlantic overturning will be countered by the warming and reduction in sea ice due to radiative effects of increased atmospheric CO 2 concentrations (51, 52)]; and (v) aerosol-induced cooling of the Northern Hemisphere (4, 53) could suppress the temperature contrast between the polar hemispheres. Furthermore, aerosol loading might also explain why the South Asian monsoons have not strengthened over the latter part of the 20th century (54) . However, these impacts will diminish as CO 2 rises and aerosol loading flattens or decreases.
We do not think that a shift in Earth's thermal equator will be the only hydrological consequence of CO 2 -induced planetary warming. For example, Held and Soden (55) suggested on the basis of a number of model experiments that with global warming, Earth's subtropics will become drier, and precipitation in tropical regions will increase. Such a change in atmospheric circulation may also have taken place during the global transition from glacial to interglacial conditions (56) and may occur in the future (55, 57) . Neelin et al. (57) showed that redistributions of tropical and subtropical moisture might also occur in the zonal sense. Therefore, we think that a reasonable expectation of future changes in Earth's hydrology involves a northward shift in Earth's thermal equator superimposed on the "rich get richer and poor get poorer" hydrological scenarios proposed by Held and Soden (55) and Neelin et al. (57) . Amazonia could provide a natural test of the relative dominance of each of these models. For example, if Earth's thermal equator migrates northward, as we suggest, southern Amazonia should become progressively more arid and northern We acknowledge that some paleoclimate records, when taken at face value, do not fit our conceptual model of north-south shifts of Earth's thermal equator during the past climate changes. For example, isotopes measured from Borneo stalagmites record a monotonic increase in rainfall during the last deglaciation (58) , with no evidence for abrupt changes registered in many other tropical hydrological records. Such a discrepancy might reflect the added influence of sea level on Indo-Pacific hydrological records (59) . Records of East African hydroclimate afford another such example, where in addition to the position of the thermal equator (60), Indian Ocean sea-surface temperatures also modulate rainfall on land (61) . Increased Indian Ocean temperatures during Bølling/ Allerød time boosted precipitation throughout equatorial Africa, thereby reinforcing the wetting effects of northward intertropical convergence zone (ITCZ) migration in the northern African tropics but counteracting expected drying in the southern African tropics (20) . Other examples include various tropical lacustrine proxy records interpreted to reflect rainfall variability but, at face value, exhibit regionally conflicting patterns during late Holocene time (43, 62) .
We consider that the best ways to evaluate the utility of our paleo analog are as follows. First, continued development of robust paleo-hydroclimate records on a global scale will help to refine spatiotemporal patterns of how Earth's hydrological system evolved with past climate. Combining physical geomorphological evidence for past water availability with continuous biological and geochemical records will afford deconvolution of climate dynamics and assessment of the principle climatic controls on water resources. Such an approach is necessary not only to test the mechanisms proposed here but also to help reconcile regionally conflicting reconstructions.
Second, a quantitative relationship between interhemispheric meridional temperature differences and shifts in the ITCZ has yet to be firmly established and is a welcome direction for future research. Simulations of future hydroclimatic responses to globally asymmetric warming should be conducted using models capable of reproducing changes documented from the Bølling/Allerød transition and during the more recent Medieval Warm-Little Ice Age transition. Indeed, there is already progress on this front. For example, predictive models featured in the Intergovernmental Panel on Climate Change Fourth Assessment report (63) feature some (but not all) of the future hydrologic changes predicted in our analysis. In addition, global warming experiments that use slab-ocean models have shown that, for models that exhibit greater warming in the Northern Hemisphere compared with the Southern Hemisphere, there is indeed a northward migration of the tropical rain belt (1, 64) .
Although paleo-hydrologic reconstructions are, for the most part, restricted to relatively small geographic regions, those based on models are robust only for large geographic regions. However, because north and south shifts of the thermal equator at the onsets of the Bølling/Allerød and Little Ice Age, respectively, led to pronounced and widespread changes in hydroclimate, we predict that Earth is indeed capable of undergoing rapid adjustments in response to future differential heating between the hemispheres. In particular, we anticipate that with current and future global warming, Earth's rain and desert belts will respond by shifting northward, giving rise to changes in water availability around the globe.
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